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Harvesting low-grade heat energy using
thermo-osmotic vapour transport through
nanoporous membranes
Anthony P. Straub1, Ngai Yin Yip2, Shihong Lin3, Jongho Lee1 and Menachem Elimelech1*
Low-grade heat from sources below 100 ◦C oers a vast quantity of energy. The ability to extract this energy, however, is
limited with existing technologies as they are not well-suited to harvest energy from sources with variable heat output or with
a small temperature dierence between the source and the environment. Here, we present a process for extracting energy
from low-grade heat sources utilizing hydrophobic, nanoporous membranes that trap air within their pores when submerged
in a liquid. By driving a thermo-osmotic vapour flux across the membrane from a hot reservoir to a pressurized cold reservoir,
heat energy can be converted to mechanical work. We demonstrate operation of air-trapping membranes under hydraulic
pressures up to 13 bar, show that power densities as high as 3.53± 0.29Wm−2 are achievable with a 60 ◦C heat source and
a 20 ◦C heat sink, and estimate the eciency of a full-scale system. The results demonstrate a promising process to harvest
energy from low-temperature dierences (<40 ◦C) and fluctuating heat sources.
Avast amount of untapped energy exists in the form oflow-grade heat from sources below 100 ◦C (refs 1,2). Wasteheat is one abundant example, with residual heat losses
from conventional power plants and the manufacturing industry
amounting to more than 8,000 TWh per year in the United States
alone3,4. Geothermal wells and solar collectors can also supply large
quantities of heat energy, and lower temperature ranges of either of
these sources are more widely available and less difficult to obtain
than their high-quality counterparts5–7. Despite the abundance
of low-grade heat, the ability to extract energy from potential
sources is limited with existing technologies due to both the small
temperature difference available and the temporal variability in heat
output from sources such as waste heat or solar thermal. Existing
binary cycle systems utilizing organic working fluids typically
require heat sources with temperatures greater than 100 ◦C and are
unable to tolerate fluctuations in the heat source temperature8–10.
Solid-state thermoelectric devices have been evaluated for use in
low-temperature ranges, but material limitations have resulted in
poor efficiencies and low cost effectiveness11,12. Various thermo-
electrochemical systems have also been developed for low-grade
heat power generation utilizingmetal complexation reactions13–15 or
the temperature dependence of electrochemical redox potentials16–18
to generate power. These processes have, however, been introduced
only as small-scale prototypes, and their efficiency is typically
limited to less than 2% of the Carnot efficiency.
Hydrophobic, porous membranes have emerged as promising
materials for a variety of applications19–22. When placed between
two liquids, these membranes trap air within their pores, creating
an extremely thin gas-phase barrier. A partial vapour pressure
difference across the membrane arising from a temperature,
concentration or hydraulic pressure gradient can be used to drive
gas-phase transport of various constituents between the two liquids.
This phenomenon is normally exploited for separation processes,
where a thermo-osmotic (that is, temperature-driven) vapour flux
is used to distil a mixture containing undesirable non-volatile
constituents23,24.
We conceive an alternate thermo-osmotic energy conversion
(TOEC) process in which the hydrophobic membranes utilize
temperature gradients to drive a vapour flux against a hydraulic
pressure difference. The resulting pressurized flow can be used
to drive a turbine and generate power with a wide range of heat
source temperatures, effectively converting low-temperature heat
energy to useful work.We experimentally demonstrate the proposed
TOEC process, showing that hydrophobic membranes are able
to maintain a thin air gap between two liquid water reservoirs,
even when substantial hydraulic pressure differences are applied.
Low-temperature differences (<40 ◦C) are then used to generate a
pressurized flow of water, and the power output of the system is
determined from these thermo-osmotic flow measurements. The
theoretical efficiency of a full-scale system with heat recovery is
also evaluated. Overall, the proposed system enables access to vast
supplies of untapped low-grade heat, demonstrating the promise of
using vapour-gap membranes for pressurized applications.
Working principle of thermo-osmotic energy conversion
To extract low-temperature thermal energy, the TOEC system
uses a hydrophobic, nanoporous membrane to create a thin air
gap between hot and cold liquid streams (Fig. 1a). Mass transfer
across this vapour-gap membrane occurs in the gas phase as liquid
evaporates from one meniscus, transports across the membrane,
and condenses on the opposing meniscus. The rate of vapour
transport across the membrane is dependent on the partial vapour
pressure difference between the menisci at either side of the
membrane. The higher equilibrium vapour pressure of the hot
stream therefore drives a net vapour flux across the membrane into
the cold stream. The volume increase in the cold stream is partially
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Figure 1 | Working principle of the thermo-osmotic energy conversion
system. a, Schematic diagram of water vapour transport across a
hydrophobic porous membrane from a hot stream to a cold stream against
hydraulic pressure, Ph. b, Hydraulic pressure that can be theoretically
generated with a given temperature dierence across a vapour-gap
membrane. Regions of operation that result in temperature-driven flux and
pressure-driven flux are shown. The cold temperature is fixed at 20 ◦C.
restricted, generating a hydraulic pressure. Continued thermo-
osmotic vapour transport across themembrane into the cold stream,
which becomes pressurized upon condensation, is then directed
through a hydro turbine to generate electricity. In principle, many
liquids can be used in this system; optimal working fluids will have
a high surface tension to prevent wetting of the membrane pores, be
highly affordable, and be non-hazardous to the environment. Here,
we utilize water as a working fluid since it has a high surface tension,
is widely available at a low cost, and is environmentally benign.
Thermo-osmotic power generation can also be achieved using
other types of membranes that enable temperature-driven fluid
transport and create a pressure discontinuity. For example, dense
polymeric films may be suitable for the process. However, the
thermal conductivity of polymeric membranes is approximately an
order of magnitude greater than that of air or water vapour, leading
to severe thermal losses during temperature-driven operation, and
thermo-osmotic fluxes with polymeric films have been extremely
low25–28. Comparatively, vapour-gap membranes enable relatively
high thermo-osmotic fluxes and were thus the focus of this work.
For successful operation of the system, the driving force from the
temperature difference must be greater than that of the opposing
hydraulic pressure gradient. Increases in temperature and hydraulic
pressure both result in an elevated partial vapour pressure as
described by the Antoine and Kelvin equations29–31. From these
relationships, it is evident that the driving force available from small
temperature gradients across the membrane is equivalent to very
high hydraulic pressure differences (Fig. 1b and Supplementary
Note 1). For example, applying a 25 ◦C hot temperature and a 20 ◦C
cold temperature is equalled by a hydraulic pressure difference of
over 400 bar.
Demonstration of power generation
To generate substantial hydraulic pressures, vapour-gapmembranes
must be able to resist wetting of pores and maintain an open
structure that facilitates transport of vapour through themembrane.
Previously, hydrophobic porous membranes were not considered
for pressurized applications due to the tendency of the air gap
within the membrane pores to be displaced under relatively mild
hydraulic pressure differences32. According to the Young–Laplace
equation, the required properties for high pressure resistance are
a small pore size and high hydrophobicity. Polytetrafluoroethylene
(PTFE) membranes were employed with a nominal pore diameter
of 20 nm, a measured porosity of 0.77± 0.02, and an open fibrous
structure (Fig. 2a). The 43-µm-thick PTFE layer of the membrane
was supported by a nonwoven polyester mesh, resulting in a total
membrane thickness of 136 µm(Fig. 2b). A high hydrophobicity was
observed in the PTFE layer, with a measured average water contact
angle of 132◦ (Fig. 2c).
Hydraulic pressure generation across the membranes was first
demonstrated in small batch experiments. In these initial tests,
the partial vapour pressure difference used to drive vapour flux
across the membrane originated from a solute concentration
difference, rather than a temperature difference. The use of a
solute concentration difference produced a more constant partial
vapour pressure difference than temperature, and circumvented the
need to constantly heat and cool an insulated set-up. A 5M NaCl
solution with a depressed partial vapour pressure was placed on
one side of the membrane in a sealed reservoir, and deionized
(DI) water was placed on the opposite side of the membrane
open to the atmosphere (Fig. 2d). The vapour pressure driving
force across the membrane was theoretically equivalent to a 1.9 ◦C
temperature difference, assuming a cold temperature of 20 ◦C
(Supplementary Note 2). After placing the membrane between the
two reservoirs, the hydraulic pressure of the sealed reservoir was
continuously monitored. Vapour transport across the membrane
was confirmed by a steady increase in the hydraulic pressure of the
sealed reservoir as water condensed on the low vapour pressure
side of the membrane, reaching up to 13 bar after 4.7 h (Fig. 2e).
Electrical conductivity measurements showed no salt transfer into
the DI water reservoir during this period (Supplementary Fig. 1),
indicating the robust air gap within the membrane pores was
impervious to liquid penetration before reaching a hydraulic
pressure difference of 13 bar.
Power production was examined in temperature-driven vapour
flux experiments, where crossflow on either side of the membrane
maintained fixed temperatures (Fig. 2f). In these experiments,
the net water flux across the membrane from the hot to
the cold side was monitored for various hydraulic pressure
and temperature differences. At a hydraulic pressure difference
of 10.3 bar, water fluxes of 5.39 ± 0.17, 7.75 ± 0.69 and
12.29± 1.02 lm−2 h−1 were produced for temperature differences
of 20, 30 and 40 ◦C, respectively (Supplementary Table 1). Using
the water flux measurements, the power output normalized by
membrane area (that is, areal power density) was determined
(Supplementary Note 3). The highest experimental power density
was 3.53 ± 0.29Wm−2 with a 40 ◦C temperature difference at
10.3 bar, whereas a power output of 1.55 ± 0.05Wm−2 was
achievable with a 20 ◦C temperature difference at the same pressure
(Fig. 2g). Lower operating hydraulic pressures resulted in less
power obtainable, with power outputs at 3.4 bar of 1.25 ± 0.06
and 0.50 ± 0.08Wm−2 for 40 and 20 ◦C temperature differences,
respectively. The flux measurements used to determine power
production represent the first implementation of hydrophobic
vapour-gap membranes in a pressurized process discussed in
the literature. The measured power output in the TOEC process
demonstrated here is also comparable to that achieved in existing
membrane-based power generation processes, such as pressure-
retarded osmosis and reverse electrodialysis, emphasizing the
promise of this proposed system33–35.
Thermo-osmotic performance behaviour was largely in agree-
ment with predictions from kinetic models for mass and heat trans-
fer. Vapour transport across membranes with a pore diameter less
than the mean free path of a water molecule is expected to occur
primarily through Knudsen diffusion, where molecular collisions
with the pore walls dominate the overall membrane transport re-
sistance36–38. Heat transport across the membrane also limits the
vapour flux achievable. Both the latent heat associated with va-
porization and conductive heat transferred across the membrane
result in the formation of thermal boundary layers on either side
of the membrane, in a phenomenon known as temperature polar-
ization, which reduces the temperature difference between liquid–
vapour interfaces on either side of themembrane relative to the bulk
2
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Figure 2 | Demonstration of power generation using a vapour-gap membrane. a, SEM micrograph of polytetrafluoroethylene (PTFE) membrane top
surface. b, Cross-section image of the PTFE hydrophobic layer and polyester supporting mesh. c, Average sessile contact angle of a water droplet on the
membrane surface. d, Schematic of pressure generation set-up where a membrane is placed between a low partial vapour pressure 5M NaCl salt solution
(low Pv) in a sealed reservoir and deionized water with a higher partial vapour pressure (high Pv) in an open reservoir. The partial vapour pressure
dierence across the membrane is theoretically equivalent to a 1.9 ◦C temperature dierence with a cold temperature of 20 ◦C. e, Hydraulic pressure
generated in the sealed reservoir over time. Duplicate runs using separate membrane coupons are shown, with temperature maintained at 20± 1 ◦C.
f, Schematic of the temperature-driven flux experiment used to measure the power output of the system. Crossflow was maintained on both sides of the
membrane. g, Experimental power density obtainable in the system as a function of the temperature dierence between the bulk streams with operating
pressures of 3.4 bar (blue diamonds), 6.9 bar (red circles) and 10.3 bar (green squares). The cold source temperature is fixed at 20 ◦C. Error bars indicate
the standard deviation for three experimental runs with dierent membrane coupons. Lines show the expected performance determined from models
accounting for temperature polarization and conductive heat transfer (Supplementary Note 4).
temperature difference31. A flux prediction model that accounts for
temperature polarization effects showed a strong fit to experimental
measurements (lines in Fig. 2g and Supplementary Note 3) and
was used to estimate the vapour permeability coefficient of the
membrane to be 173 lm−2 h−1 bar−1 (4.81× 10−7 kgm−2 s−1 Pa−1).
This experimentally determined vapour permeability coefficient
was similar to that calculated fromKnudsen transport models using
the approximate membrane thickness, porosity, tortuosity and pore
size (equal to 150 lm−2 h−1 bar−1 or 4.19 × 10−7 kgm−2 s−1 Pa−1),
supporting the assumption that Knudsen transport was predomi-
nantly occurring across the membrane (Supplementary Note 4).
Evaluation of temperature-driven flux
Vapour flux and pore wetting behaviour were further evaluated
using additional experiments with temperature-driven flux under
crossflow (Fig. 3a,b). The net water flux across the membrane
from the hot to the cold side was monitored under increasing cold
reservoir hydraulic pressures (Fig. 3c). The net flux comprises a
pure vapour flux from the hot to the cold side of the membrane
through the air gap and a detrimental liquid water flux through
wetted pores in the opposite direction driven by the increased
hydraulic pressure in the cold reservoir. To distinguish between
vapour flux and liquid water flux, the pressurized cold stream
was dosed with salt to reach a 0.1M NaCl concentration, and
the electrical conductivity of the unpressurized hot stream was
continuously monitored to detect liquid water passage carrying the
non-volatile salt. The transmembrane fluxes solely attributable to
vapour transport and liquid water leakage are shown separately in
Figs 3d and e, respectively.
Distinguishing between pure vapour flux and detrimental
liquid flux across the membrane allows for a detailed evaluation
of membrane performance at different pressures. For hydraulic
pressures below 12 bar, electrical conductivity measurements in the
hot reservoir indicated near negligible liquid water transfer across
the membrane (Fig. 3e), demonstrating that the mass flux across
the membrane occurred solely in the vapour phase (Fig. 3a), as
expected. However, even when no pore wetting was observed, there
was a slight decrease in the water flux as the hydraulic pressure
in the cold reservoir increased. This decrease in flux is greater
than what would be expected from the effect of hydraulic pressure
on the partial vapour pressure difference across the membrane—
determined to be less than 1% in this pressure range—and can
be attributed to compaction of the highly porous PTFE layer,
which reduces the permeability of the membrane (Supplementary
Note 5). Increasing the hydraulic pressure difference beyond 12 bar
resulted in a more substantial decline in the net water flux; electrical
conductivity measurements indicated a majority of the flux loss was
due to liquid water leakage across themembrane (Fig. 3e). However,
there was also a notable decrease in the vapour flux as the pressure
was increased (Fig. 3d), probably due to cooling on the hot side
of the membrane as liquid water is transported directly through
pores, causing increased temperature polarization (Fig. 3b). The
wetting pressure of the membrane is dependent on capillary forces
and described by the Young–Laplace equation39. From themeasured
wetting pressure, we estimate the diameter of the largest membrane
pores to be 77 nm (Supplementary Note 6).
Energy eciency analysis
In full-scale TOEC systems, large membrane modules will be
utilized to obtain the sizable flows necessary for power generation.
One possible full-scale configuration of the process is a closed-
loop system, which can be operated with improved efficiency
by employing a heat exchanger to recover the latent heat of
vaporization and conductive heat transferred across the membrane.
Approximating the efficiency of this system requires accounting
for various mass and heat flows. In the closed-loop configuration
shown schematically in Fig. 4a, continuous operation is utilizedwith
countercurrent flow in the membrane module and heat exchanger.
The hot stream at the temperature of the heat source, TH, enters
the membrane module as the feed stream, and the pressurized cold
stream at the temperature of heat sink, TC, enters the opposite end
of the membrane module as the permeate stream. The feed stream
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Figure 3 | Water flux across a membrane driven by a temperature
gradient. a, Diagram of membrane operating at low pressure dierences,
where vapour is transferred from the hot feed at ambient pressure (red) to
the cold permeate under hydraulic pressure, Ph (blue). b, Membrane
operating under increased hydraulic pressure with some liquid water
leakage from the cold to the hot side (blue arrow). Colour intensity
indicates the relative temperature in either channel. c, Net transmembrane
water flux as a function of the hydraulic operating pressure dierence. The
net flux includes both vapour and liquid water transport, where positive flux
is transferred from the hot reservoir at ambient pressure to the pressurized
cold reservoir. Various temperature dierences across the membrane,1T,
were used with a 20 ◦C cold temperature. d, Component of the net flux
across the membrane attributable solely to vapour transport from the hot
to the cold side of the membrane. e, Liquid water leakage across the
membrane through wetted pores from the cold pressurized side of the
membrane to the hot side at ambient pressure (that is, negative flux).
transfers mass and heat across the membrane into the permeate
stream, and the flow rate and temperature on both sides of the
membrane module change gradually. The mass transferred into
the pressurized permeate stream is directed through a turbine to
generate power, while the heat transferred into the permeate stream
is partially recovered in a heat exchanger.
In efficient countercurrent systems, a fixed temperature
difference at any point in the membrane module can be
approximated40, which comprises two distinct components
(Fig. 4b). The first component is the threshold temperature
difference, 1T th, describing the temperature difference that is
required to overcome the partial vapour pressure difference caused
by the hydraulic pressure gradient across the membrane; a system
operating with a temperature difference across the membrane equal
to 1T th will therefore have no net mass flux across the membrane.
The second component is the excess temperature difference that
drives mass flux,1TM; a system with a given1TM value will always
have the same temperature difference driving vapour and heat
flux, irrespective of the hydraulic pressure used. The relationship
between the transmembrane flux and the fixed temperature
difference is discussed in greater detail in Supplementary Note 7.
The efficiency of the proposed closed-loop system is calculated
as the work output divided by the thermal energy input. Details of
the calculation and equations to determine efficiency are described
in Supplementary Note 7. Efficiencies for a system with a 60 ◦C
heat source and a 20 ◦C heat sink are shown in Fig. 4c as a
function of the hydraulic operating pressure. We note that our
analysis is extended to unrealistically high hydraulic pressures
to comprehensively characterize the theoretical behaviour of the
system for broad applicability to future systems. Four representative
scenarios are shown with different excess temperature differences,
1TM, in the membrane module. In the first scenario, there is
an infinitesimally small excess temperature difference between the
feed and permeate streams (1TM ≈ 0 ◦C). This condition occurs
at the thermodynamic limit of operation, where we assume an
infinitely large membrane area, and represents the upper bound
of efficiency. As the hydraulic pressure approaches zero, the
efficiency approaches the Carnot efficiency for a 60 ◦C heat source
and a 20 ◦C heat sink (that is, 12%). Realistic systems, however,
will require significant excess temperature differences across the
membrane module to drive vapour transport, and efficiencies are
also shown with 1TM values of 1, 5 and 10 ◦C. For all of these
curves, we observe a dramatic dependence of system efficiency on
pressure. Within the practical range of operating pressures from
10 to 150 bar (Fig. 4c inset), efficiencies of 1–7% can be achieved
(8–58% of the Carnot efficiency). Minimizing the temperature
difference across the modules and increasing the hydraulic pressure
difference are both critical to reaching high efficiencies. Higher
temperature differences between the heat source and heat sink
can also increase the efficiency of the process (Fig. 4d). When
source temperature differences greater than approximately 20 ◦C
are implemented, the efficiency of the system nearly scales with
Carnot efficiency, emphasizing the effectiveness of the process
with a wide range of source temperatures. Further details on the
influence of heat exchanger efficiency and membrane parameters
on system productivity are shown in Supplementary Note 8 and
Supplementary Fig. 6. Considering the low-temperature range
and the inherent limit of the Carnot efficiency, the achievable
thermal efficiencies in this process are favourable compared to
those of thermo-electrochemical systems, which are typically less
than 1% (refs 14–16). Furthermore, the maximum theoretical
efficiency achievable is greater than that which is predicted for other
membrane-based power generation technologies41,42. We note that
our calculations do not account for the parasitic energy losses due
to pumping working fluids through the system, which will decrease
the overall efficiency.
Conclusions
In this study, a TOEC technology to harvest low-grade heat is
introduced.We show that nanoporous hydrophobicmembranes can
effectively trap air even under hydraulic pressures up to 13 bar, and
power densities of up to 3.53 ± 0.29Wm−2 can be achieved in a
4
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Figure 4 | Eciency of a closed-loop system with heat recovery. a, Full-scale power generation system utilizing a continuous operation vapour-gap
membrane module and a heat exchanger. The system operates with the heat source at the hot temperature, TH, and a heat sink at the cold temperature,
TC. Power is obtained by depressurizing the transmembrane flow through a turbine (TB) to produce mechanical work. The dotted line encircles the portion
of the system under increased hydraulic pressure. b, Temperature profiles in the membrane module of the hot feed stream (red arrow) and cold permeate
stream (blue arrow) used in module-scale eciency calculations. The dierence between the feed and permeate temperatures comprises the fixed
temperature dierence that drives flux,1TM, and the threshold temperature dierence,1Tth, that accounts for the reduction of partial vapour pressure
driving force due to hydraulic pressure on the permeate side. c, Eciency of the system with heat recovery as a function of the hydraulic pressure
dierence across the hydrophobic membrane. Various temperature dierences at any point in the membrane module,1TM, are used. The heat source
temperature is 60 ◦C and the heat sink temperature is 20 ◦C. The inset shows eciency results for a realistic operating pressure range below 150 bar.
d, Fraction of the Carnot eciency obtainable with increasing temperature dierences between the heat source and heat sink. The hydraulic pressure
dierence is 100 bar, and the heat sink temperature is fixed at 20 ◦C. In c and d, all heat is assumed to be recovered in the heat exchanger and a membrane
thermal eciency of unity is assumed.
bench-scale system operating with a 60 ◦C hot temperature and a
20 ◦C cold temperature. The efficiency of a continuous closed-loop
system with heat recovery is projected to be greater than 50% of the
Carnot efficiency with an optimized system. The proposed process
offers significant advantages over existing systems since it is able to
operate with heat source temperatures less than 80 ◦C and has the
versatility to utilize fluctuating source temperatures. Water can also
be used as the sole working fluid, making it environmentally benign.
To further advance the system, the development of small pore size
vapour-gap membranes with improved pressure resistance will be
essential. Improvements in system designmay also be possible using
innovative heating configurations, batch operation and alternative
working fluids. With the demonstration of the process in this study
and further technical advancements, the massive amount of energy
available from low-grade heat sources will be obtainable using a
simple, versatile system.
Methods
Membrane characterizations. A flat-sheet polytetrafluoroethylene (PTFE)
membrane (Pall Corporation) with a nominal pore diameter of 20 nm was used
in performance experiments. The membrane consisted of a PTFE layer (43 µm
thick) on top of an unwoven polyester supporting mesh (total thickness of
136 µm). Scanning electron microscopy (SEM) was used to image the membrane,
and surface hydrophobicity was evaluated using an optical tensiometer (Biolin
Scientific). Membrane porosity was measured gravimetrically using isopropanol
to wet the membrane pores.
Pressure generation experiments. Experiments to monitor pressure generation
with the PTFE membrane were conducted using a 5.1 cm2 membrane sample
mounted between a sealed reservoir filled with 5M NaCl and a reservoir with DI
water open to the atmosphere. The sealed reservoir and the DI water reservoir
had volumes of 15ml and 300ml, respectively. A pressure gauge was used to
monitor the pressure in the sealed container, and a calibrated electrical
conductivity probe was placed in the DI water to measure any salt leakage across
the membrane. Experiments were conducted at 20 ± 1 ◦C for at least 8 h.
Measurement of temperature-driven flux. The vapour flux across the membrane
with various temperature and pressure gradients was measured in a custom-built
set-up with constant crossflow on both sides of a 34 cm2 membrane coupon
(Supplementary Fig. 7). Temperature was controlled by recirculating chillers and
monitored using thermocouples mounted before and after the membrane cell.
Pressure (0–20 bar) and crossflow velocity (23.1 cm s−1) on the cold side of the
membrane were controlled by a high-pressure pump, back-pressure regulator and
needle valve. Crossflow velocity (15.6 cm s−1) on the hot side was controlled by a
gear pump. Mass flux across the membrane was monitored using a balance
beneath the hot container. The cold pressurized water was dosed with sodium
chloride before testing to reach a 0.1 M concentration, and the conductivity of
NATURE ENERGY | www.nature.com/natureenergy
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the water in the hot reservoir was measured to determine the liquid water leakage
across the membrane. To support the membrane under pressure and facilitate
crossflow, a fabric spacer was placed in the unpressurized channel between the
membrane and the cell wall43. The membrane was compacted at 10.3 bar for
30min before measurements.
Performance modelling. The projected power density of the system was
calculated using existing models that account for heat transfer boundary layers
on either side of the membrane and heat conduction across the membrane44–46,
which were modified to account for the effect of hydraulic pressure on the partial
vapour pressure at an interface, a relationship described by the Kelvin equation29.
Experimental data were fitted to models to determine the membrane vapour
permeability coefficient and used to project power densities (Supplementary
Note 3). Efficiency modelling of a full-scale continuous system with heat recovery
was performed using mass and heat balances; the formulation of the efficiency
estimation is described in Supplementary Note 7.
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